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THE MEMORY EFFECT OF HETEROPOLYOXOTUNGSTATE (PM-19)
PRETREATMENT ON INFECTION BY HERPES SIMPLEX VIRUS
AT THE PENETRATION STAGE
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The keggin-type heteropolyoxotungstatg/RTio\W10040]-6H20 (PM-19) is a potent polyoxomet-

alate (PM) inhibitor of the replication of herpes simplex virus (HSV). Pretreatment of Vero cells
with PM-19 prior to HSV-2 infection enhanced the antiviral potency of PM-19 almost 10-fold com-
pared with treatment of the cells only after infection. The pretreatment effect of PM-19 is called
‘the memory effect’. The memory effect was reflected by inhibition of plague formation and de-
crease of intracellular virus DNA quantity, and was strongest when PM-19 was present during the
penetration stage of HSV-2 infection. The effect was maintained under conditions of fusion induced
by polyethyleneglycol treatment. This suggests that PM-19 does not act at the fusion stage of in-
fection. Using the infectious center assay method, it was clarified that a second round of infection
was inhibited by about 30% in the presence of PM-19 at the penetration stage compared with the
virus control in nontreated cells. The inhibition was enhanced to about 60% by PM-19 pretreatment
prior to infection. This suggests that PM-19 pretreatment of the cells protects them against HSV-2

infection.

© 2002 Elsevier Science Ltd. All rights reserved.
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INTRODUCTION

antiviral agent. We confirmed that the PM-19 added to
cells could be removed by washing the treated cells with

Some polyoxometalates (PMs) possess anti-viral or phosphate-buffered saline (PBRp]. In this report, we

anti-tumor activity{1-13]. Keggin-type PMs are effective
against herpes simplex virus (HSV). A keggin heteropoly-
oxotungstate (KPTi,W10040]-6H20, PM-19) has been
shown to be a potent PM inhibitor of the replication of
HSV at a non-cytotoxic concentratig]. The presence
of PM-19 (over 1Qugmi~—1) completely inhibited the
production of plaques and at 2p@ mi~ of PM-19 did
not affect the growth of Vero cells. To clarify the mech-
anism of action of PM-19 against herpes simplex virus
type 2 (HSV-2), we established a method of quantitating
viral DNA by PCR[14]. Using this method, we demon-
strated that PM-19 mainly inhibits the penetration of cells
by virus[15].

In the study of antiviral chemotherapy, it is important
to determine the condition of the cells treated with the
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describe the effects of PM-19 treatment prior to HSV-2
infection.

Pretreatment effects were evaluated by measuring of
virus yields and cellular viral genome quantity after the
infection. Treatment of Vero cells with PM-19 prior to the
infection enhanced antiviral potency almost 10-fold com-
pared with treatment of the cells only after infection.

MATERIALSAND METHODS

Cellsand virus

Vero cells were cultured using 6-well multidishes of
35-mm diameter (Nalge Nunc International Inc., NY,
USA) in Eagle’s minimum essential medium (MEM; Nis-
sui Pharmaceutical Co. Inc., Tokyo, Japan) supplemented
with 5% fetal bovine serum (FBS) and nonessential amino
acids. Vero cell monolayers were infected with HSV-2,
strain 169, at 100 PFU per well after washing with PBS.

© 2002 Elsevier Science Ltd. All rights reserved.
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MEM supplemented with 1% FBS and nonessential as the number of plaques or as plaque inhibition (% of
amino acids was used as the experimental maintenancecontrol).
medium for cells infected with virus.

Infectious center assay

Anti-viral compounds Vero cells infected with HSV-2 were propagated at 10 h
Polyoxotungstate ({PTioW10040]-6H20, PM-19) after the infection. The infected cells were overlaid on
was synthesized by a method described previo[isy. normal Vero cell monolayers and then incubated &t@G7

Acyclovir (ACV) was provided by Wellcome Foundation PM-19 was added at various times. At 2 h after incubation,
Ltd. (UK) [17]. Each compound was dissolved in ultra- maintenance medium containing 2% methylcellose was
pure water and stored at80°C until use. These stock  overlaid, and infectious centers were counted 22 h later by
solutions (PM-19, 10 mg mi and ACV, 2 mg mif 1) were neutral red staining.

diluted with the experimental cell maintenance medium

for the experiments. Determination of cellular viral DNA quantity by
PCR
Chemicals Total cellular DNA was extracted from infected Vero

AmpliTaq polymerase and reaction agents for PCR, cells at various times after infection. DNA was extracted
Takara Ex Taq, and cellular DNA extraction reagent, using TRIzoP Reagent. DNA concentrations were calcu-
TRIzol® Reagent, were purchased from Takara Shuzou lated based on thapeo value for double-stranded DNA.
Co., Ltd., Kyoto, Japan and Gibco BRL, NY, USA, re- The DNA samples were used directly for PCR amplifica-
spectively. Other chemicals were purchased from Iwai fion. Cellular viral DNA quantity was determined with a

Kagakuyakuhin Co., Ltd., Tokyo, Japan. quantitative PCR methgd 4].
Oligonuclectide primers

Two 22-base oligonucleotides {EAT CAC CGA CCC *)
GGA GAG GGA C [positions in HSV-2; 3309-3330] HSV-2, 100pfu

A 4
k i 37°C 4°C J 37°C (agar overlay medium) J
tions 3400-3379]) deduced from the published sequence ! , |

of the DNA polymerase gene-coding region from HSV  a[ PM-19 | PM-19 [PM-19in agar

and B-GGG CCA GGC GCT TGT TGG TGT A [posi-

|
were used18]. This set of primers allows amplification ! *| *| i
of a 92-base pair fragment of the HSV DNA polymerase b| PM-19 [PM-19| i
gene. These primers were synthesized by Sawady Tech- | *) *| i
nology Co., Ltd., Tokyo, Japan. e[ " pMas T [PM-19 | ;
i *) i *) i

Estimation of memory effect -15 0 1 6 72(hr)

PM-19-pretreated or nontreated Vero cells were *; washed out with PBS
washed with PBS and then infected with HSV-2 at B a )
100 PFU perwell in the presence of PM-19 for various ®) 100 _ : b . ¢

periods. After adsorption for 60 min at°€, Vero cells

were washed with PBS to remove unattached virus and g 807

were cultured in maintenance medium at’87 For esti- %

mation of the memory effect, viral titers were determined = 60

by a plaque assay and infectious center assay. The cellular 2 40-

viral DNA quantity was also determined by a quantitative -é

PCR method14]. 2 20

Promotion of virus-to-cell fusion by 0- :
0 3 10 30 30 100 30 100

polyethyleneglycol T
The infected cells were treated with polyethyleneglycol PM-19 treatment after infection ( ug/ml)

(PEG) accordlng_t_o the procedgre of S_armleemi. [19]' Fig. 1. (A) Experimental design. (B) Effect on HSV-2 replication of
Under the conditions, PEG did not induce cell-to-cell ne time of exposure of Vero cells to various concentrations of poly-
fusion in the Vero cultures, based on microscopic com- oxotungstate (PM-19). Vero cell monolayers were treated with PM-19
parisons of the treated and untreated monolayers after(10.:gmi—*)for 15 h prior to HSV-2 infection. After PM-19 was washed
fixation and staining out with PBS, Vero cells were |_nfected with the 169 strain of HS_V—2 a_lt
) 100 PFU/well and re-treated with several doses of PM-19 at various in-
tervals. After the attachment of virus to cells for 60 min aC4the cells
Pl aque assay were washed with PBS and then overlaid with agar overlay medium.

p|aque assays were done according to a method de-The results of the plaque assay were expressed as plaque numbers per

. . . well. Panel a, treated with PM-19 from 0 to 72 h; panel b, 0-1 h; panel
scribed preVIOUSM6]' Virus titers were expressed as ¢, 1-6 h. Black bars, not pretreated with PM-19; dotted bars, pretreated

plague-forming units (PFU) and results were expressed with PM-19.
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RESULTS

Pretreatment effect of PM-19 on each stage of
HSV-2 replication

To clarify whether PM-19-treated Vero cells had an al-
tered response to HSV-2 infection, the plaque inhibition

359

the case of a 15-h pretreatment prior to infection, the
memory effects of PM-19 on both the attachment and
penetration stages of HSV-2 infection were increased
with increasing concentrations of PM-19 during both
pretreatment and readditiorFi. 2A and B. There

was no clear memory effect of PM-19 on attachment

effect was determined with cells pretreated or nontreated during the tested intervals of pretreatment with PM-19

with PM-19.

Pretreatment with PM-19 for 15 h prior to infection did
not influence the plague formation after HSV-2 infection
(Fig. 1B, panel a; PM-19, oug mI~1). The pretreated Vero
cells grew as well as nontreated cells (data not shown).
Readdition of PM-19 at concentrations above:mli—1
from 0 to 72 h after infection caused a complete inhibition
of plaque formation. However, no effect of pretreatment
with PM-19 was found Kig. 1B, panel a). In contrast,
inhibition of viral attachment and penetration by PM-19
was enhanced in cells pretreated with PM-Fy( 1B,

(Fig. 20, whereas the memory effect of PM-19 on
penetration was shown clearly in cells pretreated with
PM-19 for 1 h prior to infectionKig. 2D). The maximal
memory effect was observed when PM-19 was present
at 10ugml~1 for 1h before infection, and then again
present during the penetration stage at 2§@nl—1. The
inhibition was enhanced 10-fold in cells pretreated with
PM-19 compared with cells treated only after infection
(Fig. 2D).

These memory effects of PM-19 were also evaluated by
guantitation of cellular virus DNA using PCR.

panel b and c, respectively). These pretreatment effects of After pretreatment at 10g mi~1 for 1 h prior to infec-

PM-19 were named ‘the memory effect’.

Memory effect of PM-19 treatment prior to the
infection on attachment and penetration in HSV-2
infection

The memory effect of PM-19 was expressed as a per-
centage of control plagues as shown Rigure 2 In

(A)

% of control

PM-19 treatment, O-
1hr (ug/ml)

10

Pretreatment
(PM-19,-15 - O hr, ug/mi)

% of control

PM-19
treatment,
0-Thr (ug/ml)

Pretreatment (PM-19,
10ug/ml, hr)

Pretreatment (PM-19, -15- 0 hr,
Jg/ml)

tion, PM-19 at 10Q.g ml~1 was added to cells during the
attachment or penetration stage of infection. The quantity
of intracellular virus DNA was measured at 13 h after in-
fection (before the second infection) using PCR. No mem-
ory effect of PM-19 on the attachment of virus to cells
was detected. However, the quantity of intracellular virus
DNA in cells treated with PM-19 during the penetration

(B)

% of control

PM-19 treatment
1-6hr (ug/ml)

100

(D)

% of control

30 PM-19 treatment,
1- 6 hr (ug/ml)

Pretreatment (PM-19, 10ug/ml, hr)

Fig.2. (A-D) The memory effect of PM-19 pretreatment on HSV-2 attachment/penetration. PM-19-pretreated and nontreated Vero cells were infected
with HSV-2 at 100 PFU per well and then were re-treated with various doses of PM-19 during the attachment or penetration stage. The memory effects
were expressed as % of control plague numbers. (A and B) Various doses of PM-19 during pretreatmefitftord h; (C and D) various time points

of pretreatment with PM-19 (10g mI~1). (A and C) PM-19 re-addition during the HSV-2 attachment stage; (B and D) PM-19 re-addition during the
HSV-2 penetration stage. White strip: 2§ mI~1 of PM-19 (re-addition); black strip: 30g ml~1; gray strip: 10Qug mI~2.
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Tablel
Memory effect of PM-19 (estimation of cellular HSV-2 DNA quantity)

Treatment Pretreatment®  Relativeyield of HSV-2DNA (n:2)  Percent yield versusvirus control ~ Percent yield versus pretreatment (—)
Virus control ) 0.566

+) 0.621 101
PM-19, 0-1H# =) 0.554 98

(+) 0.628 101 113
PM-19, 1-13H -) 0.390 69

+) 0.240 39 55

@ PM-19, 10ugmi~1, —1 to 0 h.® PM-19, 100.g mi~1, time 0 is time of infection.

801 stage and thereafter was decreased to 55% of the quantity
3 in pretreated cellsTable ).
% 60 7 On the other hand, the number of plaques formed on
& é cells treated with ACV at 2g ml~1 for various periods
g 407 / after infection increased gradually with the delay of ACV
E 204 é addition. No memory effect of ACV pretreatment was seen
Z Z (Fig. 3.

OJ a b c a b c a b g

Memory effect of PM-19 on a second round of
0=6hr = T=6he 36 hr HSV-2 infection
Eftre'f g;f,’;clnvféiffénment (2 ug/ml) Using the infectious center assay method, itwas possible
to determine the effect of PM-19 on a second round of
Fig.3. The memory effect of ACV pretreatmenton HSV-2replication.  HS\/-2 infection. The second round of infection resulted in
ACV-pretreated and nontreated Vero cells were infected with HSV-2 at . . .
about a 70% virus yield, when PM-19 was present during

100 PFU perwell and then re-treated with ACV gt@mi~? to deter- . - .
mine the effect on replication of HSV-2. Results were expressed as the the penetration stage, compared with the virus control of

number of plaques, (a) Nontreated, ()5 to Oh, (c)-1 to 0h of ACV nontreated Vero cells. The yield was further reduced to
treatment (4.g i) prior to HSV-2 infection. 40% by PM-19 pretreatment prior to infectiofeple ).
Tablell
Memory effect of PM-19 (estimation of infectious centers)
Treatment Sample Number of infectious centers Percent yield
Pretreatment® Treatment after PEG® dilution 1 2 Mean log Virus Pre, +/— PEG, +/—
infection (PFU per well) alone

Determination of second infection

&) Virus alone () 10° 2 2 2.0 5.06

10t 9 14 115
(+) (=) 10° 1 1 1.0 5.04 95.5

10t 10 12 11.0
108 53 59 56.0

=) PM-19, 10Qug mi~1; =) 10° 3 5 4.0 4.93 74.1
Pl,1-6h
10t 10 7 8.5
(+) =) 10° 1 0 0.5 4.64 39.8 51.3
10* 6 9 7.5

10° 29 24 265
Determination of virus to cell fusion

(=) Virus alone @) 10° 1 2 15 5.23 147.9
10* 16 18 17.0

+) (+) 10° 1 2 15 5.27 109.6 169.8
10* 19 18 18.5

=) PM-19, 10Qug mi~1; +) 10° 2 1 15 5.08 70.8 141.1

Pl,1-6h

10* 10 14 12.0

(+) (+) 10° 1 2 1.5 4.81 34.7 53.7 147.9
10* 8 5 6.5

@ PM-19 pretreatment (18g mi~1, —1 to 0 h), time 0 is time of infectior. Polyethyleneglycol treatment to induce fusion.



Pharmacological Research, \ol. 46, No. 4, 2002 361

Memory effect of PM-19 on the fusion stage of be detected by the plaque assay or the quantitation of
HSV-2 infection intracellular virus DNA and PM-19 have not activity of

The memory effect of PM-19 on the fusion of virions direct inactivation against the HSV viriofit5]. Further-
to cells was determined using the infectious center as- more, the antiviral effect of PM-19 was not elicited by its
say method. PM-19 treatment during the penetration of metabolites, and the residual PM-19 could be reduced to
cells after infection decreased the number of infectious an ineffective level by washing cells with PB$5]. We
centers more potently in cells pretreated with PM-19. showed that PM-19 mainly inhibits HSV-2 infection at
Thus, the memory effect of PM-19 pretreatment on the penetration stage, and we infer that almost no PM-19
virus penetration was maintained under the conditions is able to enter the cells.
of fusion induced by polyethyleneglycol treatment. The  Recently, some cellular molecules were reported to act
polyethyleneglycol-induced fusion increased the number as cofactor at the step of viral enf{83-27] We speculate
of infectious centers in each treatment group by about that PM-19 pretreatment may influence these cofactor
1.5-fold (Table II). necessary for the penetration by HSV-2 of the cells and
PM-19-pretreated Vero cells may become much more
resistant to viral infection by signals derived from the co-
factor at the step of viral entry. Furthermore, the memory
effect of PM-19 pretreatment on the penetration of cells
The keggin heteropolyoxotungstate PM-19 has beenwas maintained under conditions of fusion induced by
shown to be a potent PM inhibitor of the replication of PEG (Table II). This result shows that PM-19 does not act
HSV at a noncytotoxic concentrati¢é]. PM-19 mainly at the fusion stage of HSV-2 infection. Using the infec-
inhibits the replication of HSV-2 at the penetration stage tious center assay method, the effect of PM-19 on a second
[15]. It was also shown that the PM-19 added could be round of HSV-2 infection was detected. The results sug-
removed by washing the treated cells with PBS prior to gest that PM-19 may be a new type of antiviral agent.
the extraction of DNA. In this study, to elucidate whether
PM-19-treated Vero cells had an altered response to
HSV-2 infection, we studied the effect of PM-19 treat-
ment prior to the infection.

The amount of PM-19 could be reduced to an ineffec-

DISCUSSION
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